Accurate localization of the epileptic seizure onset zones (SOZs) is crucial for successful surgery, which usually depends on the information obtained from intracranial electroencephalography (IEEG) recordings. The visual criteria and univariate methods of analyzing IEEG recordings have not always produced clarity on the SOZs for resection and ultimate seizure freedom for patients. Here, to contribute to improving the localization of the SOZs and to understanding the mechanism of seizure propagation over the brain, we applied spectral interdependency methods to IEEG time series recorded from patients during seizures. We found that the high-frequency (>80 Hz) Granger causality (GC) occurs before the onset of any visible ictal activity and causal relationships involve the recording electrodes where clinically identifiable seizures later develop. These results suggest that high-frequency oscillatory network activities precede and underlie epileptic seizures, and that GC spectral measures derived from IEEG can assist in precise delineation of seizure onset times and SOZs.
Introduction. Of 2.5 million people with epilepsy in the United States, at least 30% have seizures such as refractory temporal lobe epilepsy that cannot be controlled with medication, and are therefore potential candidates for epilepsy surgery [1] . But 10%-40% of patients who undergo presurgical evaluation have seizures that are not localized by the use of scalp electroencephalography (EEG), multimodal imaging, and magnetoencephalography (MEG). Many of these patients undergo intracranial electroencephalography (IEEG) recording with grid and depth electrodes. However, the increasing numbers of electrodes implanted by neurosurgeons in recent years often totaling over 100 per patient have not always produced greater clarity. Sampling of the seizure onset zone may still be incomplete. IEEG seizures may appear nonlocalized by conventional visual standards. Complete resection or disconnection of an apparent, nonlesional, extratemporal focus leads to a cure in less than 50% of cases. Traditional criteria for the estimation of IEEG seizure onset may be inadequate for many patients.
A conventional evaluation for epilepsy surgery uses IEEG to record a number of seizures, typically three to ten, over a period of 1-4 weeks during an inpatient stay in the epilepsy monitoring unit. From the recorded information, the epilepsy monitoring team and neurosurgeons try to estimate the seizure onset zone (SOZ) in preparation for surgery. Suggested methods for the evaluation of IEEG include extending expert analysis of conventional visual EEG frequencies to direct current (dc) shift to high beta (20-30 Hz) to gamma (30-100 Hz) frequencies, and more recently to interictal high-frequency (>80 Hz) oscillations (HFOs) [2] [3] [4] . Epilepsy surgery restricted mainly to the brain regions of HFOs has often lead to seizure freedom [2, 5] . However, HFOs are also commonly observed in a normal brain state [3] . Various measures (linear and nonlinear, univariate and bivariate) have been used to discriminate a preictal state from an interictal period [6] . The univariate methods have not always been sufficient in identifying the crucial ictal portion. The bivariate methods used so far have not been able to reveal the importance of high-frequency network activity in localizing epileptic seizure onsets. Nonlinear time series techniques have been mostly applied to predict seizures from the ictal activity of brain potential recordings [7] . However, the suitability of nonlinear measures to characterize brain potential recordings in predicting seizures has been questioned [8] .
The activity of pathological neuronal systems and their network interactions lie at the heart of epileptic seizure and its propagation over the brain [9] . Current IEEG monitoring practice is still in the process of realizing the underlying network mechanisms of the generation and propagation of epileptic seizures. A limited number of studies have applied network correlational measures such as correlation and coherence to epilepsy data [10] . Here, considering neuronal network dynamics and HFOs at the heart of seizure generation and propagation over the brain, we applied multivariate spectral interdependency techniques to IEEG recordings of eight patients, including the directional measure Granger causality (GC), and assessed their effectiveness in the localization of seizure onset times and zones.
Fourier and wavelet transform-based nonparametric methods were recently extended to obtain Granger causality spectra [11, 12] . Granger causality spectra can be used to examine the strengths, directions, and frequencies of interactions between oscillatory stochastic processes. Clive J. Granger, 2003 's Nobel Laureate in Economics, had formulated the statistical definition of time-domain causality between two jointly stationary processes in 1969 using a parametric modeling scheme of time series data [13] . The frequency-domain Granger causality under the same parametric estimation approach was proposed by Geweke in 1982 [14] . The parametric and nonparametric approaches to spectral analysis of time series data are complementary to each other [11] . In this Rapid Communication, we used both parametric and nonparametric approaches for optimal estimation of spectral quantities such as power, coherence, and Granger causality from spatially distributed IEEG recordings. We also computed total interdependence (TI) by integrating coherence over the entire frequency range [14] and net causal outflow (OF) associated with each recording electrode. With these measures, we evaluated where and when seizures started and how they propagated over the recording electrodes implanted in the subdural space and directly within the brain.
Materials and methods: Spectral interdependency measures.
Here, we first define spectral measures from two simultaneously measured time series, x: x 1 (1),x 1 (2), . . . ,x 1 (t), . . . and y: y(1),y(2), . . . ,y(t), . . . , where the sampling rate of measurement is f s . Using either a parametric or a nonparametric spectral estimation approach [11, 12] , we can obtain the spectral density matrix [S(f )], transfer function [H(f )], and noise covariance matrix ( ) from these time series. For nonstationary processes, the wavelet transform-based nonparametric estimation [11] can be used and these quantities become functions of both time and frequency indices. Time-domain total interdependence (TI) between these two processes is a measure to reflect the total amount of mutual information and is defined in terms of coherence C(f ) between them [14] : . iOF crosses three standard deviations (marked by horizontal dashed lines) ∼3 s earlier (marked by a vertical green line at around 6 sec) than the time assessed by using the traditional criteria (marked by a dashed black line). (e) iOF after the time of significant causality from all IEEG recordings of the same representative patient. Here, a channel with a positive value represents a causality source channel whereas one with a negative value represents a sink channel.
The coherence function C(f ) is defined as
where S(f ) is the spectral matrix that contains cross spectra (S xy ,S yx ) and autospectra (power) (S xx ,S yy ). Granger causality from y to x in the spectral domain [I y→x (f )] can be obtained as
where, by interchanging x and y, one can also compute Granger causality from the first node x to the second node y at frequency f : I x→y (f ). The time-domain Granger causality (F y→x ) is obtained by integration over the entire frequency range:
Geweke showed that T I x,y = F x→y + F y→x + F x.y [14] , where F x.y is instantaneous causality between x and y unlike F x→y and F y→x , which are causalities for delayed interactions. These measures can be computed for a number of recording channels in pairwise combinations in a moving time window (t w ). In the case of N recordings, the net causal outflow spectra [OF (t w ,f )] from a node m defines the driving strength from that node around time t w : (5) where the self-causality I m→i = 0 for all i = m. The integrated outflow (iOF ) over frequency gives the time-domain outflow. Here, a positive OF refers to the net outgoing information flow away from the node (source) and a negative OF refers to the net incoming flow towards the node (sink). This interpretation is valid within the same patient's data. However, very low temporal resolution of the recordings may lead to spurious causalities, as was indicated in previous studies [15] . In this study, we computed wavelet power, TI, GC spectra, and OF spectra in moving time windows of each length 0.5 s (250 time points). Here from IEEG recordings, power provides us the information about the level of synchrony of the underlying neural system within a recording site, coherence about synchrony between the neuronal systems, and GC about the directed influence from one neuronal system to another.
Patient selection. IEEGs were analyzed from eight patients who had undergone electrode implantation between 2010 and 2012, using combinations of standard depth electrodes and subdural grids, recording from a total of 40-128 electrodes at 030701-3 Integrated causal outflow differences ( OF ) in a source channel between ictal and preictal periods in eight patients (P1-P8). Positive differences in all patients suggest that the causality can always increase in going from the preictal to the ictal periods. a sampling rate of 500 Hz. Raw data was saved at a passband from dc to 500 Hz. Prior to digitization, analog data was passed through a type II Chebyshev filter with a 3 db point at 240 Hz. Patients were studied retrospectively, in order to examine the general features of spectral measures in IEEG. These records were chosen because seizures appeared to have a consistent pattern of propagation, in which the onset was nonetheless ambiguous in terms of visual criteria including classic EEG frequencies, dc shifts, and gamma activity. EEG segments for analysis ranged from 5 to 20 s in duration, chosen to precede to the earliest visual manifestation of the seizure, and extending to include its visible propagation to at least two electrodes. Additional samples were taken at earlier times if high-frequency GC could be detected at the onset of the initial data segment, and separate samples were taken at times remote from known seizures, to evaluate the possible presence of GC interictally. The spectral power, coherence, and GC analyses were done on deidentified data without any specific assumptions about the seizure onset zones established by the clinical visual criteria. This study was approved by the Emory University Institutional Review Board.
Results. IEEG segments were selected from patients undergoing clinical evaluation for epilepsy surgery. These segments included clinically identified ictal (seizure) activities and interictal (away from seizure) activity. Figure 1 shows a sample of multichannel IEEG time series that includes a seizure event. In this case, the seizure was clinically determined to start at around 9 s, as marked by the green vertical line in Fig. 1 . We computed wavelet power, coherence, TI, spectral and temporal GC, and net causal outflow OF as defined above from all patients separately. For this representative patient, these quantities are shown in Figs. 2 and 3 . The wavelet power [Figs. 2(a)-2(c)] shows that there was high-frequency (∼150 Hz) activity in a limited group of electrodes early during the seizure. Compared to t = 3.0 s (preictal period) in Fig. 2(d) and t = 6.5 s (∼seizure onset time from the GC approach) in Fig. 2(e) , the whole network was affected by the seizure propagation at 9.5 s (ictal period) as shown by TI [ Fig. 2(f) ]. A group of recordings (around channel 40) acted as strong sources of GC [ Fig. 2(h) ]. For instance, channel 43 was exerting a stronger causal influence to 27 than the other way around [ Fig. 2(i)]. Figures 3(a)-3(e) show that the net causal outflow can identify the locations and time of seizure onset. Here, electrodes around channel 40 propagated high-frequency activities approximately 3 s before it was clinically recognized by using any visual criterion. The difference in the causal outflow between the times of seizure and before seizure for a strongest causality source remained positive for all patients P1-P8 (shown in Fig. 4 ). For individual outflow spectra from all patients and for further T I , iGC, and iOF results, please see the Supplemental Material [16] . In all patients, highfrequency GC relationships could be defined among groups of electrodes prior to the onset of any visible ictal activity. GC calculation shows the seizure occurred anywhere between 2.0 and 12.5 s (mean ± standard error of mean = 6.3 ± 1.4 s) earlier than the time it was determined visually. For these seizure samples, the net causal outflow has exceeded three standard deviations (SD) and the positive predictive value of this finding prior to visible seizure onset was 100%. For the interictal data, which was comparable in length to the ictal data far away from seizures, the net causal outflow never exceeded 2.5 SD. Here, the most striking finding was the frequent demonstration of strong causality at frequencies approaching 200 Hz. The clinicians in the epilepsy monitoring unit were unable to visualize this activity using any combination of gain, time scale, and filter settings. Even on Fourier spectral graphs, it was detectable only by careful adjustment of display parameters. These results show that high-frequency GC could often be defined among groups of electrodes long before the onset of any visible ictal activity.
Conclusions. Identifying targets for epilepsy surgery remains a complex and imperfect process. Recent cases of seizure-free outcomes after resection of HFO-generating brain tissues [5, 17] hint toward the important characteristics of the epileptogenic zone and are highly encouraging. Here, we provide evidence that high-frequency network activities are the precursors of epileptic seizures, and a careful evaluation of causal relationships from IEEG recordings can supplement the conventional visual inspection in identifying seizure onset zones for surgery. These findings suggest that high-frequency (>80 Hz) events in IEEG recordings that are close to seizure onset zones can be observed, and their causal relationships with the rest of the recordings can assist in surgical localization, thereby increasing cure rates in many patients.
